The exopolysaccharide beta-glucan has been reported to be associated with many health-promoting and prebiotic properties. The membrane-associated glycosyltransferase enzyme (encoded by the gtf gene), responsible for microbial beta-glucan production, catalyzes the conversion of sugar nucleotides into beta-glucan. In this study, the gtf gene from Pediococcus parvulus 2.6 was heterologously expressed in Lactobacillus paracasei NFBC 338. When grown in the presence of glucose (7%, wt/vol), the recombinant strain (pNZ44-GTF ؉ ) displayed a "ropy" phenotype, while scanning electron microscopy (SEM) revealed strands of polysaccharidelinking neighboring cells. Beta-glucan biosynthesis was confirmed by agglutination tests carried out with Streptococcus pneumoniae type 37-specific antibodies, which specifically detect glucan-producing cells. Further analysis showed a ϳ2-fold increase in viscosity in broth media for the beta-glucan-producing strain over 24 h compared to the control strain, which did not show any significant increase in viscosity. In addition, we analyzed the ability of beta-glucan-producing Lactobacillus paracasei NFBC 338 to survive both technological and gastrointestinal stresses. Heat stress assays revealed that production of the polysaccharide was associated with significantly increased protection during heat stress (60-fold), acid stress (20-fold), and simulated gastric juice stress (15-fold). Bile stress assays revealed a more modest but significant 5.5-fold increase in survival for the beta-glucan-producing strain compared to that of the control strain. These results suggest that production of a beta-glucan exopolysaccharide by strains destined for use as probiotics may afford them greater performance/protection during cultivation, processing, and ingestion. As such, expression of the gtf gene may prove to be a straightforward approach to improve strains that might otherwise prove sensitive in such applications.
Probiotics are normally consumed in fermented dairy products such as cheese and yoghurt and, in addition to conferring a health benefit to the host upon consumption (19) , can also be actively involved in the fermentation process, where they can contribute to the flavor/organoleptic properties of the product (45) . A number of health claims have been associated with probiotics, such as reduced lactose intolerance, reduction in duration of infectious diarrhea, improved immune function, management of inflammatory bowel diseases, reduction in allergic responses, and lowering serum cholesterol (5, 6, 16, 35, 38, 43, 53, 72) . Given the increased clinical evidence supporting their role in health promotion, it is not surprising that there is an increasing demand for such functional foods within Europe (59) . A prerequisite of a probiotic is that it needs to reach the target location within the host, i.e., the gastrointestinal tract (GIT), in sufficiently high numbers in order to exert a beneficial effect (27, 28) , and so, standards insist that probiotic products contain at least 10 6 viable microorganisms per gram or per milliliter. Therefore, it is imperative that the probiotic survive cultivation, concentration, processing, and storage. In addition, the food product generally needs to be consumed regularly to deliver the relevant "dose" of live bacteria to the GIT, given that there is negligible evidence for long-term persistence of ingested strains. Hence, technological processing and storage of the functional foods followed by intestinal survival can all represent rate-limiting steps in the development of efficacious probiotic products. From both a technological and biological perspective, it is often preferable that a probiotic be tolerant to oxygen, acid, bile, and heat, as well as be able to grow in milk and metabolize prebiotics (8, 49, 66) .
To date, numerous studies report on the technological and gastrointestinal robustness of probiotic strains, and more specifically, Lactobacillus strains (30, 47, 71) . In one such study, gum acacia, an exudate gum from trees of various acacia species, consisting of a highly complex polysaccharide, has been shown to offer protection to Lactobacillus paracasei NFBC 338 during heat, bile, and H 2 O 2 stress when added to the growth medium. In addition, gum acacia also acted as a thermoprotectant for live bacteria during the spray-drying process, with increased bacterial survival observed for the gum acacia spraydried powder in comparison to that of the control when subjected to storage at a low temperature and exposure to porcine gastric juice (15) . Similarly, spray drying bifidobacteria in the presence of either 10% gelatin, gum arabic, or soluble starch increased the survival of these cultures (37) . A recent study demonstrated the increased expression of a bifidobacterial glycosyltransferase gene in the presence of bile, resulting in the increased production of an exopolysaccharide (EPS) in the bile environment (51) .
Many microorganisms, including lactic acid bacteria (LAB; which are generally regarded as safe [GRAS] in food production), have the ability to synthesize EPS with a large variation in composition, charge, and molecular structure. EPS-produc-ing LAB are responsible for a "ropy" phenotype characterized by a viscous and thick texture observed in spoiled alcoholic beverages, such as beer, cider, and wine (20, 39, 68) . Despite this, the production of EPS has many beneficial effects both in the food industry and on individuals' health. In the food industry, EPSs produced by LAB and other microorganisms are used as viscosifiers, stabilizers, emulsifiers, or gelling agents to modify the rheological properties and texture of products. Xanthan, gellan, and dextran are examples of commercially available EPS and are widely accepted products of biotechnology (61, 67) . In addition to their use in food production, EPSs have been reported to possess a number of health benefits, such as immunostimulatory and antitumoral/anticarcinogenic effects (31, 69) , lowering blood cholesterol (41, 46) , and prebiotic effects (33, 44) . One of the major drawbacks with using microbial polysaccharides in food formulations (whether it is for rheological purposes or as an added health benefit) is the requirement for them to be considered food additives. However, this can be overcome by using LAB starter cultures which produce EPS in situ during milk fermentation, thereby alleviating consumer concerns and producing a product that is low in additives (52) .
The EPS beta-glucan has been reported to have many healthpromoting properties, which include immunomodulatory effects (1, 25, 64, 70) , lowering serum cholesterol levels (63, 76) , and antiosteoporotic (55), antitumorigenic, anticytotoxic, and antimutagenic effects (24, 42) , as well as displaying prebiotic qualities (57) . Curdlan, a bacterial 1,3-beta-D glucan, has been assessed for its safety in vitro and in vivo and is approved for use in numerous countries, including Japan and the United States, as a food additive (58) . In addition, oat and barley beta-glucan have received GRAS status granted by the U.S. Food and Drug Administration (21, 22) .
In this study, we have heterologously expressed the pediococcal glycosyltransferase gene (gtf) responsible for the synthesis and secretion of the 2 substituted (1, 3) beta-D-glucans in Lb. paracasei NFBC 338. Lb. paracasei NFBC 338 is a probiotic strain which was originally isolated from the human GIT during surgery. In a double-blinded placebo-controlled clinical trial in healthy adults, this has been shown to be associated with a 10-fold increase in the total fecal lactobacilli (C. Stanton, unpublished data). The resultant recombinant "ropy strain" showed significant improvements in its ability to cope with a number of stresses, including acid, heat, and bile. As such, the gtf gene may prove to be a useful tool in the future to improve "more sensitive" strains from the GIT and render them viable as more "resilient probiotics" for food uses.
MATERIALS AND METHODS
Bacterial strains, growth conditions, and media. The bacterial strains used in this study are Escherichia coli (Top10 cells), the probiotic Lactobacillus paracasei NFBC 338 (obtained from University College Cork, Cork, Ireland, under a restricted material transfer agreement) and Pediococcus parvulus 2.6, formerly called Pediococcus damnosus 2.6 (75), which was isolated from ropy cider (20) and is protected by patent PCT/ES2005/070127 (GTF cells, vectors, sequences, and applications thereof in the food sector). Lactobacillus paracasei NFBC 338 and Pediococcus parvulus 2.6 were routinely cultured in Lactobacillus MRS (de Man, Rogosa, Sharpe) medium (Difco) and incubated anaerobically at 37°C and aerobically at 25°C, respectively. Escherichia coli was cultured in LB (Luria-Bertani) medium and incubated aerobically at 37°C. Concentrated stocks of chloramphenicol (CM; 30 mg/ml) were prepared and added to media at the appropriate levels when required.
Nucleic acid manipulation. DNA extraction from agarose gels, plasmid isolation, and PCR purification were performed with the Qiagen gel extraction kit (Qiagen), the Qiagen QIAprep spin miniprep kit (Qiagen), and the PCR purification kit (Qiagen), respectively. T4 DNA ligase and restriction enzymes were purchased from Roche Diagnostics. All reagents were used according to the manufacturers' instructions. Chemically competent E. coli was purchased from Invitrogen and transformed according to manufacturer's protocol. Electrotransformation of Lb. paracasei NFBC 338 was achieved using the protocol outlined by Josson et al. (29) . PCR was performed using a G-Storm thermal cycler (Gene Technologies). Oligonucleotide primers for PCR were synthesized by SigmaGenosys Biotechnologies, and either Taq DNA polymerase (Biotaq; Bioline) or Kod DNA polymerase hot start (Novagen) was used for PCRs where appropriate. DNA preparations were isolated as outlined by Hoffman and Winston (26) . Colony PCR was performed following lysis of cells with Igepal CA-630 (Sigma). Sequencing reactions were carried out by Eurofins MWG Operon.
Heterologous expression of pediococcal gtf in Lb. paracasei NFBC 338. The Pediococcus parvulus 2.6 glycosyltransferase gene (gtf), together with its ribosome binding site, was amplified using primers GTF F (NcoI), 5Ј ACATCCATGGA ATTAAAGGAAT 3Ј, and GTF R (XbaI), 5Ј GCTCTAGATTAATCATTCCA ATCAACTG 3Ј (75) . This 1,726-bp PCR product was subsequently restriction digested (with the above-mentioned enzymes), cloned into a similarly digested pNZ44 plasmid (which contains the p44 constitutive promoter) (12) , generating pNZ44-GTF ϩ , and transformed into E. coli Top10 cells. The control plasmid (pNZ44; no insert) was also transformed into E. coli Top10 cells. Following transformation of E. coli, purified pNZ44-GTF ϩ plasmid was sequenced to ensure that no mutations had occurred, and both plasmids were subsequently electroporated into competent Lb. paracasei NFBC 338. Transformants were selected using MRS agar with 5 g/ml chloramphenicol. The presence of the plasmid was confirmed using PCR with the following primers designed across the multiple cloning site of pNZ44: pNZ44 F, 5Ј AAATTATCTGTACACTTA CCTA 3Ј, and pNZ44 R, 5Ј TCAAAGCAACACGTGCTGT 3Ј. The presence of the pNZ44-GTF ϩ plasmid was also confirmed phenotypically based on its ropy characteristics. Randomly amplified polymorphic DNA (RAPD) PCR was carried out using two separate random primers (56) to confirm that both constructs were transformed into the same genetic background. In addition, the 16S rRNA genes from both constructs were amplified and sent for sequencing, again confirming that the species was indeed Lb. paracasei.
Phenotypic analysis of beta-glucan-producing Lb. paracasei NFBC 338. Phenotypic analysis was carried out by plating both control (pNZ44) and betaglucan-producing (pNZ44-GTF ϩ ) strains onto MRS agar supplemented with 5 to 10% glucose and incubated for ϳ48 to 72 h. Following incubation, the loop touch test was used to analyze "ropiness" (50) . In addition, viscosity was analyzed in both strains. For this, overnight cultures were inoculated at 2% into MRS medium containing 7% glucose, and viscosity readings were taken every 6 h for a 24-h period. Viscosity was measured using an AR-G2 rheometer (TA Instruments, Crawley, United Kingdom) fitted with a 60-mm aluminum parallel plate. Following equilibration for 5 min at 20°C, the shear rate was increased from 0.01 to 300 s Ϫ1 , held for 1 min at 300 s Ϫ1 , and then decreased from 300 to 0.01 s
Ϫ1
. Samples were held at 20°C throughout the run. Aliquots were taken every 6 h, and viable cell counts were performed by serial dilution in MRD (maximum recovery diluent; Oxoid) and enumerated on MRS agar plates, followed by incubation anaerobically at 37°C for ϳ48 h.
Scanning electron microscopy (SEM). For SEM images, both the control (pNZ44) and beta-glucan-producing (pNZ44-GTF ϩ ) strains were grown overnight in MRS medium supplemented with 7% glucose and subsequently processed for SEM analysis using a Tescan Mira scanning electron microscope (magnification, ϫ16,670; high vacuum [HV], 5 kV; working distance [WD], 14.455 mm) (CMA; Trinity College Dublin, Dublin, Ireland).
Immunological analysis. Agglutination tests were performed using Streptococcus pneumoniae type 37-specific antisera (Statens Serum Institut, Denmark) as previously reported, with slight modifications (73) . Briefly, overnight cultures (24 h) were centrifuged (at 13,000 ϫ g for 5 min), the pellet was resuspended in an equal volume of high-performance liquid chromatography (HPLC) water, and subsequently, 5 l was spotted onto a slide with 5 l of antiserum and incubated for 30 min at 4°C. When agglutination occurs, cells form agglomerates observed using phase-contrast microscopy.
Stress tolerance assays. For the heat stress assay, 1 ml of overnight culture (12 h) was centrifuged (at 13,000 ϫ g for 5 min), the supernatant was removed, and the pellet was resuspended in 1 ml of preheated (58°C) MRS medium and incubated at 58°C with agitation. For the acid stress assay, 1 ml of overnight culture (12 h) was centrifuged (at 13,000 ϫ g for 5 min), the supernatant was removed, and the pellet was resuspended in 1 ml MRS which had been adjusted to pH 2 with 1 M HCl. For the simulated gastric juice stress assay, 1 ml of VOL. 76, 2010 BETA-GLUCAN PRODUCTION IMPROVES STRESS TOLERANCE 501 overnight culture (12 h) was centrifuged (at 13,000 ϫ g for 5 min), the supernatant was removed, and the pellet was resuspended in 1 ml of simulated gastric juice which was made in accordance with that outlined by Corcoran et al. (9) . For the bile stress assay, overnight cultures (12 h) (3%) were inoculated into 10 ml of MRS containing 0.7% porcine bile (Sigma). For the salt stress assay, 1 ml of overnight culture (12 h) was centrifuged (at 13,000 ϫ g for 5 min), the supernatant was removed, and the pellet was resuspended in 1 ml MRS which had been adjusted to 5 M NaCl. For each stress assay with the exception of the heat stress assay, samples were incubated with agitation at 37°C for the duration of the experiment. For all stress assays, aliquots were taken at selected time points, and viable cell counts were performed by serial dilution in MRD and enumerated on MRS agar plates, followed by incubation anaerobically at 37°C for ϳ48 h. Statistical analysis. Data are presented as means per group Ϯ standard errors of the means. The statistical significance of differences between means was calculated using analysis of variance (ANOVA) (P Յ 0.05).
RESULTS
Heterologous expression of glycosyltransferase in Lb. paracasei NFBC 338. We constructed plasmid pNZ44-GTF ϩ , where the gtf gene is under constitutive control of the P44 promoter (12) . We carried out the loop touch test (50) in order to confirm functional expression of glycosyltransferase in Lb. paracasei NFBC 338 (Fig. 1A) , which allowed us to detect ropiness, indicating EPS production. In addition, scanning electron microscopy (SEM) was used to further confirm production of this EPS (Fig. 1B) . In the pNZ44-GTF ϩ strain, EPS production can be clearly observed on the surface of the cells as an intricate network of linking structures, whereas the control (pNZ44) cells have generally a smooth phenotype with very few or no linking structures. Immunoagglutination assays were performed on 24-h cultures, where agglutination was observed for the genetically modified beta-glucan producer in the presence of anti-type 37 antibodies, indicating the presence of betaglucan at the cell surface (Fig. 1C) . The viscosity of both the pNZ44-GTF ϩ -and control pNZ44-inoculated broth media (which had been supplemented with 7% glucose) was measured using a rheometer (Fig. 2 ). An increase in viscosity of the broth medium coincided with the growth of the beta-glucanproducing strain (pNZ44-GTF ϩ ), indicating growth rate-dependent EPS production with maximum EPS being produced in late log/early stationary phase, as indicated in Fig. 2 [in contrast to that of the control (pNZ44) strain (P Յ 0.001)]. Over 24 h, a ϳ2-fold increase in viscosity was observed for the beta-glucan producer, whereas no significant increase was observed over the 24-h period for the control. Taken together, these results indicate that heterologous expression of the pediococcal glycosyltransferase gene in Lb. paracasei NFBC 338 confers the ability to synthesize and secrete the EPS betaglucan.
The role of beta-glucan on environmental stress tolerance. Previous studies in our laboratory have linked the addition of the complex polysaccharide gum acacia with the environmental stress tolerance of Lb. paracasei NFBC 338 (15) . Therefore, we ϩ beta-glucan-producing strain (right) after growth in 7% glucose. Arrows indicate EPS production. (C) Agglutination tests using S. pneumoniae type 37-specific antisera detected using phase-contrast microscopy. pNZ44 (control) with antisera (left), pNZ44-GTF ϩ with antisera (middle), and pNZ44-GTF ϩ without antisera (right).
FIG. 2. Viscosity analysis (bars)
and growth curve (circles) of pNZ44 (control) and pNZ44-GTF ϩ (beta-glucan producer), following growth anaerobically at 37°C in MRS broth supplemented with 7% glucose. Error bars represent standard errors of the means from 10 readings for each time point (viscosity) and standard errors of the means from triplicate experiments (growth curves). Heat stress assay. Tolerance to an elevated temperature (58°C) over 60 min was analyzed (Fig. 3) . After 10 min in the elevated temperature, a significant (P Յ 0.05) 2-fold increase in viability was observed for the beta-glucan-producing probiotic (pNZ44-GTF ϩ ) compared to that of the control probiotic strain (pNZ44). This trend was maintained throughout the experiment, with significant (P of Յ0.001 to Յ0.05) 12-, 19-, 60-, and 28-fold increases in viability for the beta-glucan producer compared to that for the control at 20, 30, 40, and 50 min, respectively. At 40 min, where a 60-fold difference in survival was observed, the control strain was reduced from 9.5 ϫ 10 8 to 6.1 ϫ 10 3 CFU/ml compared to the beta-glucanproducing strain, which was reduced from 1 ϫ 10 9 to 3.6 ϫ 10 5 CFU/ml. However, at 60 min, no significant difference was observed between the two strains. Acid stress assays. Exposure to acidic conditions (pH 2) (Fig. 4 ) resulted in significant (P of Յ0.001 to Յ0.01) 2-, 20-, 20-, and 13-fold increases in viability of the beta-glucan-producing strain compared to that of the control strain after 5, 10, 15, and 20 min, respectively. At 15 min, where a 20-fold difference in survival was observed, the control and beta-glucanproducing strain cell numbers were reduced from 1.1 ϫ 10 9 to 2.6 ϫ 10 5 CFU/ml and 1.2 ϫ 10 9 to 5.1 ϫ 10 6 CFU/ml, respectively. Similarly, exposure to simulated gastric juice (pH 2) (Fig. 5 ) resulted in a significant (P Յ 0.01) 15-fold increase in viability of the beta-glucan-producing probiotic compared to that of the control strain after 10 min, where viable cell numbers of the control strain were reduced from 1.2 ϫ 10 9 to 3.8 ϫ 10 3 CFU/ml compared to those of the beta-glucan-producing strain, which was reduced from 1.4 ϫ 10 9 to 5.8 ϫ 10 4 CFU/ml, indicating that production of beta-glucan offers protection to Lb. paracasei NFBC 338 during gastric environments.
Bile stress assay. In the bile stress assay, the beta-glucanproducing strain displayed significantly increased viability (ϳ5.5-fold) compared to that of the control strain at time zero (P Յ 0.01) (Fig. 6) , with viable cell numbers of the control and beta-glucan producer reduced from 4.5 ϫ 10 8 to 2.1 ϫ 10 3 CFU/ml and from 4.2 ϫ 10 8 to 1.1 ϫ 10 4 CFU/ml, respectively. The beta-glucan-producing strain maintained a significantly (ranging from P values of Յ0.01 to Յ0.05) increased viable cell count (3-to 5.5-fold) above that of the control throughout the 90 min of exposure, with the viability of the control and betaglucan producer reducing from 4.5 ϫ 10 8 to 9.3 ϫ 10 2 CFU/ml and 4.2 ϫ 10 8 to 4.3 ϫ 10 3 CFU/ml, respectively, after 15 min, indicating that beta-glucan offers protection to Lb. paracasei NFBC 338 in a bile stress environment.
Salt stress assay. No significant reduction in viability was observed for the beta-glucan-producing and control strains after 120 min of exposure to high-salt concentrations (5 M NaCl), with viable cell numbers reducing slightly but not sig- FIG. 3 . Survival of the pNZ44 control and pNZ44-GTF ϩ betaglucan-producing Lb. paracasei NFBC 338 in an elevated temperature (58°C). Overnight cultures (12 h) were centrifuged and resuspended in MRS and incubated at 58°C. Viable cell counts were performed at intervals by serial dilution in maximum recovery diluent solution and enumeration on MRS agar, followed by incubation at 37°C anaerobically for ϳ48 h. The error bars represent standard errors of the means from triplicate experiments.
FIG. 4. Survival of the pNZ44 control and pNZ44-GTF
ϩ betaglucan-producing Lb. paracasei NFBC 338 in acid (HCl, pH 2). Overnight cultures (12 h) were centrifuged, resuspended in HCl at pH 2, and incubated at 37°C. Viable cell counts were performed at intervals by serial dilution in maximum recovery diluent solution and enumeration on MRS agar, followed by incubation at 37°C anaerobically for ϳ48 h. The error bars represent standard errors of the means from triplicate experiments.
FIG. 5. Survival of the pNZ44 control and pNZ44-GTF
ϩ betaglucan-producing Lb. paracasei NFBC 338 in simulated gastric juice (pH 2). Overnight cultures (12 h) were centrifuged, resuspended in simulated gastric juice, and incubated at 37°C. Viable cell counts were performed at intervals by serial dilution in maximum recovery diluent solution and enumeration on MRS agar, followed by incubation at 37°C anaerobically for ϳ48 h. The error bars represent standard errors of the means from triplicate experiments.
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DISCUSSION
Given that the effectiveness of a probiotic is dependent on sufficiently high numbers reaching the gastrointestinal tract (27, 28) , it is imperative that the probiotic be both technologically and biologically robust. Previously, we had shown that the treatment of the Lb. paracasei NFBC 338 strain with exogenously added gum acacia, a complex polysaccharide, had improved its ability to survive heat, bile, H 2 O 2 , spray drying, and simulated gastric conditions. This study investigated the role of an endogenously produced exopolysaccharide, betaglucan by Lb. paracasei NFBC 338, in environmental stress protection. Pediococcus parvulus 2.6 produces a beta-glucantype EPS from a single plasmid-encoded glycosyltransferase gene (gtf) (18, 74, 75) . This gene product (GTF) is membrane bound and responsible for catalyzing the biosynthesis and secretion of beta-glucan (75) . Genetically modified beta-glucanproducing Lb. paracasei NFBC 338 was constructed by cloning the pediococcal gtf gene under the control of a constitutive promoter into Lb. paracasei NFBC 338, and survival was compared to that of a control Lb. paracasei NFBC 338 strain to determine the role (if any) of beta-glucan in Lactobacillus stress tolerance.
Production of EPS was initially confirmed by the loop touch test (50) , which showed it to produce ropy viscous strands in broth. EPS production on the surface of cells was also studied using scanning electron microscopy, which indicated that neighboring cells were linked by strands of the polysaccharide. Moreover, the agglutination capacity conferred to Lb. paracasei NFBC 338 by GTF overproduction strongly suggests that, like the pneumococcal Tts glycosyltransferase (40), the protein is responsible for the synthesis and secretion of beta-glucan. Further analysis showed a ϳ2-fold increase in viscosity in broth media for the beta-glucan-producing strain over 24 h compared to the vector control, which did not show any significant increase in viscosity. This increase in viscosity indicates the potential use of beta-glucan-producing probiotics as natural viscosifier/thickening agents to alter the rheological properties of a fermented product. Indeed, we have recently demonstrated superior technological properties of yoghurt manufactured with this strain (N. Kearney, H. M. Stack, J. T. Tobin, M. A. Fenlon, C. Stanton, G. F. Fitzgerald, and R. P. Ross, unpublished data). Recent studies also reported successful expression of the pediococcal gtf gene in Lactococcus lactis (74) and Streptococcus pneumoniae (75) , where both resultant strains demonstrated positive agglutination tests with pneumococcal serotype 37 antibodies and the ability to produce the EPS beta-glucan. Interestingly, in this study, a slight increase (1-to 3-fold) in log CFU counts for the beta-glucanproducting strain compared to that for the control strain has been consistently observed under nonstress conditions.
One technological stress that poses a major problem to the viability of probiotics is elevated temperatures. Spray drying is a cost-efficient method of producing large amounts of dairy ingredients that can be stored in a relatively stable form for long periods (32) ; however, to maintain viable cultures during this process, the microorganisms must have the ability to withstand relatively high temperatures. Previous work carried out by Gardiner et al. (23) demonstrated the various levels of heat tolerance among species, with an increase in heat tolerance observed for Lb. paracasei NFBC 338 both in medium-based experiments and during spray drying compared to Lactobacillus salivarius UCC118. In addition, overexpression of the stress-induced proteins (GroESL) in Lb. paracasei NFBC 338 elicited a modest increase in heat tolerance (7, 13, 14) . In this study, in situ production of beta-glucan offered significant protection to Lb. paracasei NFBC 338 under conditions of elevated temperature, where there was a 60-fold increase in viability observed for the genetically modified beta-glucan-producing Lb. paracasei NFBC 338 compared to that observed for the control strain after 40 min. These results demonstrate significantly increased heat tolerance to that observed for Lb. paracasei NFBC 338 when gum acacia was added exogenously prior to heat stress (Ͻ10-fold increase in survival) (15) . This heat tolerance offered by in situ-produced beta-glucan could prove very useful in the processing of fermented probiotic products.
Using in vivo expression technology, 72 Lactobacillus plantarum genes were shown to be induced within the murine gastrointestinal tract, indicating that there are many genes involved in survival in this adverse environment, which probiotic strains need to surmount in order to exert a beneficial effect (3). Acid is one of the most challenging hostile conditions and can be encountered by the probiotic in low-pH foods, during gastric transit, and following exposure to fatty acids in the small intestine (10) . Liong and Shah demonstrated the various levels of acid resistance among a range of Lactobacillus strains (38) . In this study, in situ production of beta-glucan provided Lb. paracasei NFBC 338 with significant 15-fold and 20-fold increases in tolerance to both simulated gastric juice and acid (HCl) stress, respectively. In a previous study, where Lb. paracasei NFBC 338 was spray dried in the presence of exogenously added gum acacia and subsequently exposed to porcine gastric juice, a 100-fold increase in survival was reported; however, gum acacia offered a 10-fold increase in survival to this strain during the spray-drying process; the net FIG. 6 . Survival of the pNZ44 control and pNZ44-GTF ϩ betaglucan-producing Lb. paracasei NFBC 338 in porcine bile (0.7%). Overnight cultures (12 h, 3%) were inoculated into MRS broth containing 0.7% porcine bile and incubated at 37°C. Viable cell counts were performed at intervals by serial dilution in maximum recovery diluent solution and enumeration on MRS agar, followed by incubation at 37°C anaerobically for ϳ48 h. The error bars represent standard errors of the means from triplicate experiments. effect of the porcine gastric juice exposure was ϳ10-fold (15) . Therefore, the endogenously produced exopolysaccharide beta-glucan offers significantly increased protection to this probiotic strain in acidic environments compared to that observed for the exogenously added polysaccharide gum acacia. Hence, a fermented food containing endogenous probiotic beta-glucan production could significantly enhance the viable cell numbers after technological processing and subsequent gastrointestinal challenge. This result correlates well with a recent study where they clearly demonstrate a link between gtf and stress resistance, where wild-type (P. parvulus) or recombinant (Lc. lactis) strains harboring a functional gtf gene result in increased stress tolerance (17) . Interestingly, this result is in contrast to that reported by de Palencia et al. (11), who negated a role for beta-glucan in P. parvulus gastrointestinal stress tolerance. This may be due to strain variation or differences in stress assay conditions. The bile stress response has been evaluated in Lb. plantarum and Lactobacillus reuteri and has shown that the growth rate of these strains decreased significantly as the bile concentrations increased. In addition, promoter screening analysis and two-dimensional gel electrophoresis facilitated the identification of putative genes and proteins, respectively, whose expression was significantly altered by bile (4, 36) . In this study, a significant difference (3-to 5-fold), although less than that observed with other stresses (15-to 60-fold), was observed between the beta-glucan-producing Lb. paracasei NFBC 338 and the control throughout bile challenge. Interestingly, a significant and rapid bactericidal effect was observed for both the beta-glucan-producing (4.5 log unit) and control (5.3 log unit) strains after 15 s of exposure to bile stress (0.7%). A similar trend was observed for Listeria monocytogenes when exposed to bile salts, where there was a ϳ5 log unit reduction in viable cell numbers after 15 s of exposure (2) . The observation that bile tolerance improves in the presence of beta-glucan correlates well with a recent study, which demonstrated that the increased expression of a bifidobacterial glycosyltransferase gene in the presence of bile resulted in the increased production of an EPS in the bile environment (51) . In addition, these results correlate to that observed for Lb. paracasei NFBC 338 when gum acacia was added exogenously prior to bile stress (Ͻ10-fold increase in survival) (15) . Environmental osmotic changes can be encountered either in the gastrointestinal tract of the host or as a result of usage in food formulations and processing; therefore, being able to surmount this stress is vital. The osmotic stress response has been evaluated in Lactobacillus rhamnosus, which has been shown to be sucrose tolerant, a consideration when making sugar-based foods (60) . Previous studies demonstrate the inherent salt tolerance exhibited by Lb. paracasei NFBC 338 (14) , a phenomenon we also observed in this study. As no significant reduction in viability was observed for the betaglucan-producing and control strains after 120 min of exposure to high-salt concentrations (5 M NaCl), a role for beta-glucan in increasing the salt tolerance of probiotics could not be determined.
Encapsulation of bacteria can improve their survival, resulting in successful delivery to the GIT (48) . Given the severe limitations that the food industry encounters with respect to compounds that can be used for encapsulation, it is not surprising that bacterial (exo)polysaccharides have received increased attention in recent years, as the (exo)polysaccharide provides a layer around the bacterial cell (probiotic), thus creating a natural barrier (34) . The physical barrier created by the polysaccharide is probably the mechanism by which this genetically modified beta-glucan producer is protected from adverse environmental conditions, shielding the membrane from heat, acid, simulated gastric juice, and bile (52) . Endogenous probiotic beta-glucan production can be used as an alternative to encapsulation to increase its survival in adverse environments, resulting in successful delivery to the GIT. In addition to increased survival, endogenously produced betaglucan improves the organoleptic properties of the fermented food product (such as yoghurt) (Kearney et al., unpublished) and results in the development of a natural product low in additives. Apart from the improved desirable traits, the resultant strain may also display improved efficacy, given that betaglucan is also known to be associated with a number of health benefits, such as lowering serum cholesterol (5, 63, 76) and displaying prebiotic properties (57) . In this respect, in situ production in the product or in the upper intestine may stimulate growth of beneficial bacteria in the lower intestine.
In situ production of beta-glucan by probiotics may promote intimate adherence of the probiotic to the intestinal mucosa (54) . This phenomenon is supported by a recent study, where beta-glucan-producing pediococci displayed increased adherence to colon epithelial cells compared to that of an isogenic control in which the plasmid responsible for beta-glucan production had been cured (no beta-glucan production) and an isogenic control in which the cells were washed (partial betaglucan production) (11) . In addition, beta-glucan may confer additional benefits to the host, as it has been shown to modulate the gut mucosal immune response through receptor-mediated interactions with M cells present in the Peyer's patches, resulting in cytokine production and enhanced resistance to infection (62, 65, 70) . EPS-producing probiotics have been reported as promising therapeutics for the treatment of inflammatory bowel disease, which is a dysregulated immune response toward intestinal microflora (54) . In this respect, betaglucan may function as a signaling molecule to rebalance the mucosal immune system.
In conclusion, we have demonstrated that in situ-produced beta-glucan significantly increases survival of the probiotic strain Lb. paracasei NFBC 338 under conditions of elevated heat, simulated gastric juice, acid, and bile, which has implications for performance, stability, and persistence of strains that are not technologically or biologically robust. The challenge is to exploit this from a probiotic prospective. It is important to emphasize that these improvements are associated with the introduction of a single gene, namely, gtf. Given the major interest in the genetics of gut bacteria and the development of tools for their improvement, it should be possible to manipulate many intestinal bacteria by chromosomal insertion of gtf. Alternatively, isolation of natural beta-glucan-producing strains may offer many selective advantages over non-betaglucan-producing probiotics and pave the way for the development of functional foods with natural beta-glucan-producing probiotics. A beta-glucan-producing probiotic has the potential not only to improve the organoleptic properties of a fermented food product but also to increase cell viability during processing, storage, and subsequent GIT challenge. In addition, beta- 
